Abstract. The exact delay-zero calibration in an attosecond pump-probe experiment is important for the correct interpretation of experimental data. In attosecond transient absorption spectroscopy the determination of the delay-zero exclusively from the experimental results is not straightforward and may introduce significant errors. Here, we report the observation of quarter-laser-cycle (4ω) oscillations in a transient absorption experiment in helium using an attosecond pulse train overlapped with a precisely synchronized, moderately strong infrared pulse. We demonstrate how to extract and calibrate the delay-zero with the help of the highly nonlinear 4ω signal. A comparison with the solution of the time-dependent Schrödinger equation is used to confirm the accuracy and validity of the approach. Moreover, we study the mechanisms behind the quarter-laser-cycle and the better-known half-laser-cycle oscillations as a function of experimental parameters. This investigation yields an indication of the robustness of our delay-zero calibration approach.
Introduction
Transient absorption spectroscopy plays a major role in the fast evolving field of attosecond science. It allows observing electron dynamics of atoms, molecules and solids on their natural timescale, with an all-optical method [1] . For the first demonstrations of attosecond transient absorption spectroscopy the transmitted XUV radiation was detected after a noble gas target using either a single attosecond pulse (SAP) or an attosecond pulse train (APT) in the extreme ultraviolet (XUV) spectral range which was overlapped with a femtosecond infrared (IR) pulse [2, 3, 4] . Hence, this technique benefits from the numerous advantages of photon detection over the detection of charged particles as discussed in more details in [1] . In addition to the fast data acquisition due to charge-coupled device (CCD) based spectrometers and the absence of space charge effects, it is possible to examine bound-bound transitions which stay hidden in conventional charged-particle detection experiments.
A key issue for the interpretation of the experimental data is the correct determination of the delay-zero, where the maximum of the envelope of the IR pulse and the SAP or APT exactly overlap. The precision of delay-zero calibration has to match the timescales of the dynamics being studied and the time resolution of the experiment. As we will show below, just "reading" and "interpreting" experimental data in a straightforward way as done successfully before for femtosecond transient absorption spectroscopy contains serious pitfalls and may lead to errors in finding delay-zero on the order of several femtoseconds. Without theoretical support or other knowledge about the processes being studied, delay-zero can in general not be extracted from experimental data with the required precision. A variety of recent publications have discussed the absorption of XUV radiation in helium (He) around its first ionization potential, either using SAPs or APTs [5, 6, 7, 8, 9, 10] . Due to the diversity of the observed effects in these experiments, e.g. sub-cycle AC Stark shift, light-induced states etc., it is not obvious if any of these effects can be used to define delay-zero. In this paper, we combine experimental results with calculations to identify a nonlinear light-matter interaction that supplies the proper delay-zero.
Our study yields a purely experimental method for calibrating the delay-zero in an attosecond transient absorption experiment using an APT synthesized from a number of high-order harmonics (HHs) of an infrared laser field. We will show that neither the maximum of the total absorption, nor the envelope of the already wellknown and discussed half-laser-cycle (2ω) oscillations are suitable for this purpose [4, 5, 6, 7, 9, 11, 12, 13] . Here and throughout this work, ω represents the frequency of the IR field. On the other hand, we report the first experimental observation of quarter-laser-cycle (4ω) oscillations in the transmitted XUV radiation as a function of the delay between an APT and an IR pulse and show that the maximum of the 4ω-oscillations coincides with the delay-zero. In all presented figures, we use the maximum of the 4ω-oscillations in the absorption of the 13 th harmonic (HH 13) to define the delayzero. We discuss the parameters needed for the manifestation of the 4ω-oscillations and demonstrate that this highly nonlinear effect enables us to accurately define delay-zero. Moreover, we systematically study the influence of the IR intensity on the 2ω-and 4ω-oscillations. This systematic study defines the robustness of our proposed method.
In section 2, we begin with a short overview, experimental details, a general discussion on 2ω-and 4ω-oscillations and introduce the theoretical model. In section 3, we describe how we use the 4ω-oscillations to experimentally calibrate the delay-zero and show that our experimental results are in excellent agreement with the theoretical predictions. Section 4 presents a systematic investigation of the dependence of 2ω-and 4ω-oscillations on IR intensity. Finally, we compare our transient absorption results with a measurement of the He + ion yield in section 5, and conclude with section 6.
Quarter-laser-cycle oscillations
In 2007, Johnsson and co-workers published an experimental and theoretical pumpprobe study using an APT combined with a moderately strong IR pulse in He [14] . "Moderately strong" corresponds to an intensity of approximately 10 13 W/cm 2 which is insufficient to excite electrons out of the ground state, but substantial enough to deform the atomic potential. They investigated the He + ion yield as a function of the APT-IR delay and discovered 2ω-oscillations of the total ion yield. Their results triggered several detailed studies of the same 2ω-oscillations by means of attosecond transient absorption spectroscopy [4, 5, 6, 7, 9, 11, 12, 13] . The mechanism giving rise to the 2ω-oscillations involves the so-called 'transient virtual states' initiated by the IR field. These originate from two-color absorption processes with one XUV photon and a variable number of IR photons [6, 7] . These different excitation pathways interfere destructively or constructively, depending on the APT-IR delay. As a result, the absorption probability exhibits 2ω-oscillations. Additionally, 2ω-oscillations can also originate from the two-photon coupling between real states [11] .
Theoretical work by Chen et al. [11] discussed the transient absorption of an APT in laser-dressed He atoms and predicted the occurrence of oscillations with a new periodicity, which appears in neither the initial APT nor the IR field, namely 4ω-oscillations. These oscillations originate from multiphoton coupling of HHs constituting the APT that are spaced four IR photons apart, e.g., HH 13 connects to HH 17. This means that energy between these HHs is exchanged via a four-photon process. Moreover, the authors discussed the influence of resonances on the nonlinear coupling. The calculations reveal that a HH being in resonance with an excited state increases its nonlinear coupling to other HHs. As a result the coupling strength of the HHs depends on the driving IR wavelength and intensity. The 4ω-oscillations were recently observed for the first time in an experiment using a SAP instead of an APT, but they were not discussed any further [7] .
Here, we investigate the 4ω-oscillations in an attosecond transient absorption experiment with APTs. Figure 1 shows the experimental setup. A more detailed description can be found in [15] . We use the main part of the output from a Ti:sapphire- Photon energy (eV) HH 13 HH 21 HHG spec. w/o gas HHG spec. w/ gas (OD 0.79)
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Aluminum filter Figure 1 . Schematic of the experimental setup [15] . Infrared (IR) pulses with duration of 25 fs and central wavelength of 789 nm are used to generate an an attosecond pulse train (APT) via high harmonic generation (HHG) in a xenon gas target. A small fraction of the fundamental IR beam is split off before the HHG and sent over a delay line. After the HHG the residual IR radiation is blocked with a 100-nm thick aluminum filter. The APT and IR beams are recombined with the help of a mirror with a center hole and focused by a toroidal mirror into the pulsed He target. After the interaction target, the IR beam is blocked with a second aluminum filter and the transmitted radiation is detected with an XUV spectrometer. The inset shows the spectral shape of the APT without He gas in the target (red-solid) and with He gas (black-dashed) with an optical density of 0.79 at 26.7 eV.
based laser amplifier system to generate the APT via high-order harmonic generation (HHG). For this purpose, we focus the beam into a 3-mm long gas cell filled with xenon (Xe). After the generation of the APT we block the co-propagating residual IR radiation with a 100-nm thick aluminum filter. Additionally, the aluminum filter compresses the pulses in the APT in time [16] . In front of the HHG target we separate off a small fraction of the fundamental IR beam and send it along an independent beam path that includes an optical delay line for varying the delay between the APT and the IR. The two beams are then recombined using a mirror with a hole in the center. This generation scheme results in an inherent synchronization of the APT to the IR pulses. After recombination, a toroidal mirror focuses both beams into the interaction gas target. A motorized iris in the IR arm is used to adjust the IR intensity in the interaction region. The pulsed gas target operates at the laser repetition rate of 1 kHz with an opening time of 60 µs per laser shot. The optical density is adjusted through the backing pressure of the pulsed target. In this work we use an optical density of 0.79 for HH 17 at 26.7 eV. After the interaction, another metallic filter removes the IR radiation and we detect the transmitted spectrum with an XUV spectrometer. The spectrometer provides a resolution of ≈50 meV in the region of interest. The inset of figure 1 depicts the spectrum of the APT with and without gas but no IR present. While HH 17 and higher are located above the ionization potential (24.59 eV) and strongly absorbed in the presence of He, HH 13 and 15 are essentially transmitted unchanged [17] . Figure 2 depicts a delay scan showing the transmitted XUV spectral power density color-coded against the photon energy and the APT-IR delay. The APT primarily consists of HHs 13 to 21. The delay scan was recorded with an IR intensity of 2.6 · 10 12 W/cm 2 . The delay step size is 0.2 fs. The 2ω-oscillations, especially in HHs 13 to 17, are clearly visible to the naked eye. The delay-zero here and in all the following figures was calibrated with the temporal envelope of the 4ω-oscillations of HH 13, as discussed in section 3.
To study the oscillations in the transmitted XUV radiation in more detail we have to be able to quantify the oscillation strength of different delay scans. Thus, we define in a first step the energy-integrated absorption Π(τ ) as a function of the APT-IR delay τ : where E is the photon energy, S(E) is the HHG spectrum before the interaction with the gas target, and T 0 (E) and T (E, τ ) represent the transmitted XUV radiation when the IR field is turned off and on at a fixed delay τ , respectively. The energy integration in the numerator over the spectral window δE is performed around each HH. For the normalization, we integrate in the denominator over the three HHs, 13 to 17. HH 19 and 21 are not very sensitive to the IR field and therefore not included in the normalization. A positive value of Π(τ ) corresponds to absorption induced by the IR field, while a negative value means a net emission of photons. As an example we show in figure 3 the energy-integrated absorption of HH 13 (energy integration window ∆E = 0.72 eV), 15 (∆E = 1.17 eV) and 17 (∆E = 1.08 eV) for the delay scan shown in figure 2. In this representation of the experimental data the 2ω-oscillations become even more apparent. HH 13 and 15 exhibit an increase of absorption around delay-zero. This increase corresponds to multiphoton absorption of one XUV and one or more IR photons. HH 17 shows only oscillations and no IR-induced multiphoton absorption due to being energetically located above the first ionization potential of He. HH 17 shows, however, a first hint of 4ω-oscillations around delay-zero.
In a second step, we disentangle the different multiphoton contribution in the onedimensional energy-integrated absorption Π(τ ) by applying a Gaussian-Wigner timefrequency transform that yields a two-dimensional function of frequency and APT-IR delay. The Gaussian-Wigner transform uses the Wigner transform of Π(τ ) [18] , which reads as:
and convolves it with a two-dimensional Gaussian window: For the window in the time domain we use δ τ = 5 fs (≈1.9 optical cycles of the IR field) and the frequency window is defined by δ ν · δ τ = 1, which leads to δ ν = 0.2 PHz. This representation allows us to extract which frequency components appear at which delay. Figures 4(a)-(c) show the Gaussian-Wigner transform of HHs 13 to 17 corresponding to the traces depicted in figure 3 . Besides the 2ω-oscillations at a frequency of 0.76 PHz we now also observe 4ω-oscillations at 1.52 PHz. The period of the 4ω-oscillation at a driving wavelength of 789 nm is 660 as. In HH 15 the 4ω-oscillations are relatively weak compared to the 2ω-oscillations. This is because HH 15 does not couple to HH 11, which is not part of our APT spectrum. Therefore, we will restrict our discussion of the 4ω-oscillations in the absorption of HH 13 and HH 17.
We have also investigated theoretically the ultrafast transient absorption of the APT in He. We have calculated both the microscopic (single atom) and macroscopic absorption probabilities for each of the harmonics in the APT as a function of the APT-IR delay, as described in detail in [19] . Briefly, at the single atom level we compute the response function S(ω) = 2 [d(ω)E * (ω)], where d(ω) and E(ω) are the Fourier transforms of the time-dependent dipole moment and the full APT-IR electric field, respectively. The time-dependent dipole moment is calculated by direct numerical integration of the time-dependent Schrödinger equation (TDSE) in the single active electron approximation [19] . S(ω) is the absorption probability per frequency, so that the probability to absorb a certain harmonic is the integral of S(ω) over the bandwidth of that harmonic. For the macroscopic calculations we numerically solve the coupled TDSE and Maxwells wave equation [19] which yields the space-and time-dependent electric field at the end of the He gas jet. From this we calculate the same energy integrated absorption probability as in (1) . In all of the calculations we use an APT synthesized from harmonics 13 through 21, with initial relative strengths of 0.25, 0.6, 1, 0.6 and 0.25, and all initially in phase. The full width at half maximum (FWHM) duration of the APT is 11 fs, and the peak intensity is 7.0·10 10 W/cm 2 . The IR pulse has a central wavelength of 795 nm, a FWHM pulse duration of 25 fs, and a peak intensity which varies between 1. . The theory agrees well with the experiment, with the 2ω-oscillations being asymmetric around delay-zero (especially in HH 17) whereas the 4ω-oscillations of HH 13 and HH 17 exhibit a very stable maximum at delay-zero. The 4ω-oscillations of HH 15 are very weak, also in agreement with the experimental result. We note that at this density, the macroscopic absorption probabilities are very similar to the single atom absorption probabilities. We remark that the difference in strength between the 4ω-oscillations of HH 13 and HH 17 is due to the normalization in (1). In the calculations, the raw strengths of the 4ω-oscillations of HH 13 and HH 17 match exactly since the only four-IR-photon coupling of HH 13 is to HH 17 and vice versa (given that the absorption of HH 21 is very weak).
Delay-zero calibration
The simplest method for the definition of the APT-IR delay-zero is to use the maximum of the energy-integrated total absorption. Figure 5 (a) shows the energy-integrated total absorption of the APT integrated in energy from 19.5 eV to 38.5 eV for an IR intensity of 1.3 · 10 12 W/cm 2 . For the fit function, we choose the sum of a Gaussian and a linear function to take into account that the total absorption does not have the same value for large negative and positive delays. For large positive delays the preceding IR pulse does not influence the absorption probability for the XUV radiation, since the IR intensity is too low to ionize or excite He from the ground state. For large negative delays, when the APT precedes the IR pulse, effects like perturbed free polarization decay occur, and these influence the absorption probability [6] . Hence, the total absorption is not expected to be symmetric around delay-zero. The maximum of the total absorption retrieved by the fitting procedure appears to be 9.4 fs before the maximum of the 4ω-oscillations. This leads to a completely different calibration of the delay axis.
Another way to experimentally determine the delay-zero is using a signature based on a nonlinear process of higher order. We use the Gaussian-Wigner transform already 12 W/cm 2 . The envelope shows an asymmetric shape and the maximum is located more than 7 fs before the delay-zero.
presented in the previous section and apply it to the energy-integrated total absorption. By integrating the resulting two-dimensional representation along the frequency axis, we obtain the envelope of the 2ω-oscillations as a function of delay. For the 2ω-oscillations we integrate around 0.76 PHz with an integration window of 0.6 PHz. Figure 5 (b) presents the result for an IR intensity of 2.6 · 10 12 W/cm 2 . Intuitively, we might expect delay-zero to coincide with the maximum of the nonlinear signature. In contrast, figure  5(b) shows that the 2ω envelope has an asymmetric shape and splits into two peaks where the maximum is located more than 7 fs before delay-zero. In addition, the asymmetric splitting of the 2ω envelope strongly depends on the IR intensity as we discuss in the following paragraph. Accordingly, the envelope of the 2ω-oscillations of the energy-integrated total absorption is also not suitable for a precise delay-zero calibration.
A further idea for a delay-zero calibration is the application of the timefrequency analysis to individual HHs instead of investigating the total energy-integrated absorption. Figure 6 presents the envelope of the 2ω-oscillations for HH 13, 15 and 17 for different IR intensities. The envelopes of all three harmonics exhibit a strong dependence on the IR intensity regarding the oscillation strength and the shape. For the lowest intensity shown here, 1.3·10
12 W/cm 2 , the envelope is symmetrically centered on the delay-zero defined through the maximum of the 4ω-oscillations of HH 13, as in the case of the 4ω-oscillations shown in figure 7 . With increasing IR intensity the symmetric envelope starts to split up into two peaks. Furthermore, the amplitude of the envelope decreases. It is also important to note that the splitting of the envelope is asymmetric, in the sense that one of the two peaks is dominant (the description of the asymmetric shape of the envelope is beyond the scope of the work presented here). For HHs 13 and 17 we observe that the peak at negative delays is on average higher, whereas the dominant peak for HH 15 is located at positive delays. Both of these observations are reproduced in the calculations. This complex behavior of the envelope shows that the maximum of the 2ω-oscillations is not suitable for a correct delay-zero calibration. Indeed, the maximum peak can be shifted up from the real delay-zero by as much as 20 fs in the intensity range covered with our measurements.
The 4ω-oscillations in the transient absorption signal result from the highly nonlinear coupling of two HHs via four IR photons. For the envelope of the 4ω-oscillations we integrate the Gaussian-Wigner transform in the frequency domain, as we did for the 2ω-oscillations envelope. The integration window again has a width of 0.6 PHz but is centered on a frequency of 1.52 PHz. Figure 7 presents the envelope of the 4ω-oscillations for HH 13 and 17 at two different IR intensities, showing both theoretical ((a) and (b)) and experimental ((c) and (d)) results. In the calculations, delay-zero is known exactly by definition. The theoretical results show that the envelope of the 4ω-oscillations is centered very accurately at delay-zero and possesses a symmetric shape as a function of delay. In the calculations, we observe that this behavior is independent of the IR intensity over the whole range of moderate intensities studied. The experimental results in figure 7(c) and (d) also exhibit a symmetric envelope for the 4ω-oscillations which is not affected by the IR intensity in our IR-intensity range. The symmetric shape enables us to fit the envelope with a Gaussian. The fit function provides, besides the peak value, which we use to define the strength of the oscillations, also a peak position. The peak position is of special interest for us to experimentally define the delay-zero. The excellent agreement between the symmetric envelopes of the 4ω-oscillations of the experimental and the theoretical results suggests that the experimentally measured position of the maximum of the 4ω-oscillations in HH 13 and 17 is an appropriate determination of exact delay-zero. 
IR-intensity dependence
As discussed by Chen and co-workers, we expect an IR-intensity dependence for the magnitude of the oscillations of the 2ω-and 4ω-oscillations [11] . The motorized iris in the IR beam path enables us to vary the IR intensity in the He target between 1.3 · 10 12 W/cm 2 and 8.6 · 10 12 W/cm 2 . These intensities are insufficient to induce any transition out of the He ground state to bound excited states or into the continuum. In order to quantify the magnitude of the oscillations, we extract the information on their strength by fitting the temporal envelope of the 2ω-and 4ω-oscillations. The symmetric shape of the 4ω-oscillation strength as a function of APT-IR delay is, as already mentioned in section 3, fitted with a Gaussian. Conversely, as we showed in section 3 and in figure 6 , the 2ω-oscillations have an asymmetric envelope, which strongly depends on the IR intensity. Hence, we fit this envelope with a sum of two Gaussians. Figure 8 shows the resulting strengths of the 2ω-and 4ω-oscillations normalized to the value we obtain at the lowest IR intensity of 1.3 · 10 12 W/cm 2 . The 2ω-component of HH 13 and 17 shows a local maximum around ∼ 4.0 · 10 12 W/cm 2 . If we increase the IR intensity even further the oscillation strength declines. For HH 15 we observe a monotonic decrease of the 2ω-oscillation strength over the full scanned intensity range.
The intensity scan for the 4ω-oscillations of HH 13 and 17 ( figure 8(b) ) shows two distinguishable intensity ranges. For intensities up to ∼ 4.0 · 10 12 W/cm 2 the normalized oscillation strength rises monotonically. If we further increase the intensity we enter a different regime, where the normalized oscillation strength is decreasing with increasing intensity.
In the calculations, we do not observe this behavior when using an IR wavelength of 795 nm. Rather, we find that the 4ω-oscillation strengths of HH 13 and HH 17 increase monotonically with intensity. However, in the single atom calculations we have explored changing the IR wavelength (which means that the harmonic wavelengths, which are locked to the IR wavelength, also change) and then studying the intensity dependence of the HH13 and HH17 total absorption, and their respective 2ω-and 4ω-components. Figure 9 shows an example of this 2D exploration of parameter space for the 4ω-component of HH 17 (a), and for the total absorption of HH 13 (b) and HH 15 (c). Figure 9 (a) shows that at the shortest IR wavelengths there are two dominant structures in the 4ω-component of HH 17. These can be identified as the resonant enhancement of the absorption due to the 2p state (resonant with HH 13, as shown in figure 9(b) ) and the Stark-shifted 3p state (resonant with HH 15, and thus a two-IR-photon intermediate resonance for the HH 13-HH 17 coupling). Where the two resonances meet, and the excitation dynamics are therefore very complex, there is a wavelength regime in which the 4ω-oscillation strength decreases with intensity. This wavelength is slightly shorter (775 nm) than that used in the experiment (789 nm). One can speculate that the experimental APT harmonics could possibly have been blue shifted in the generating Xe jet due to plasma self-phase modulation, or that theory possibly does not accurately predict the Stark shift of the 3p state.
Photoabsorption and photoionization probabilities
As described in reference [15] , our setup also allows for the detection of charged particles. For this purpose we remove the pulsed gas target from the interaction region and insert a needle target. This target provides a continuous gas flow with a low gas load so that we can operate a time-of-flight (TOF) spectrometer with a micro-channel plate detector. Figure 10 shows the He + ion yield as a function of APT-IR delay (black curve). In order to avoid the situation in which the dominant contribution in the ion yield comes from the harmonics above the first ionization potential, we adjusted the XUV spectrum of the APT. We changed the intensity of the generating field and obtained a spectrum dominated by HHs 13 and 15. In this way the relative IR-induced changes in the photoionization become stronger and the analysis of the oscillating signal is more robust. As can be seen in figure 10(a) , the ion yield has a maximum when IR and APT overlap around delay-zero, which mostly follows the maximum of the integrated absorption. In this region direct ionization by the harmonics above the ionization threshold and multiphoton ionization by harmonics below the threshold in combination with IR photons contribute to the ion yield. For large negative delays, when the APT precedes the IR pulse, we detect a higher ion yield than for large positive delays, where the IR field arrives first. In the case of large negative delays, the IR can ionize states which were populated by the preceding APT. This is in agreement with earlier results [20] . Additionally, we show in figure 10 the total absorption probability of the XUV radiation integrated in energy from 19 eV to 35 eV (red curve). Both in the ion yield and in the total absorption probability we observe strong 2ω-oscillations. In order to verify the appearance of 4ω-oscillations we perform the delay-frequency analysis with the help of the Gaussian-Wigner transform as described earlier. This analysis shows that both the ion and the optical signal exhibit 2ω-and 4ω-oscillations. We again integrate the delay-frequency representation in the frequency domain to obtain the envelope of the oscillations as a function of delay. Figure 10(b) shows the result for the 4ω-oscillations of the ion yield and the total absorption probability as a function of APT-IR delay. The modulations in the envelope of the ion signal are a numerical artifact of the GaussianWigner transform. We fit both envelopes with a Gaussian, shown as dashed lines, and define delay-zero with the center of the Gaussian fit for the absorption probability. As shown in figure 10(b) , determining delay-zero from the ion signal in the same fashion (black dotted line) yields good agreement with our definition of the delay-zero extracted from the optical response. A deviation ∆τ of less than 1 fs is measured.
Conclusions
In conclusion, we have measured and characterized sub-cycle oscillations in an attosecond transient absorption experiment in He by using an APT and a moderately strong femtosecond IR pulse. In addition to the earlier observed 2ω-oscillations, we observed 4ω-oscillations, a periodicity which is not included in the initial interacting fields. We show that the 4ω-oscillations in the transient absorption signal can be used to determine delay-zero with an accuracy which is better than other experimental methods, including the total absorption and 2ω-oscillations. A systematic investigation of the IR dependency of the 4ω-oscillations reveals the influence of resonances on the oscillation strength. These experimental results are in excellent agreement with TDSE calculations. Additionally, we compare the total absorption probability of the APT with the He + ion yield. The ion yield exhibits, like the total absorption probability, 2ω-and 4ω-oscillations and the position of the maximum of the 4ω-oscillations is in agreement with the transient absorption measurement. Consequently, the calibration of the delay-zero based on the 4ω signature is not restricted to attosecond transient absorption spectroscopy but may also be very helpful for experiments based on the detection of charged particles.
